ABSTRACT
INTRODUCTION
Completion of many genome sequences and advances in instrumental technologies have revolutionized the scale upon which scientists now view and query biology. This view has expanded towards a more holistic or systems biology perspective (Ideker et al., 2001a) . New technological approaches that include high throughput comprehensive profiling of gene expression products are now a viable means of elucidating gene function and biological responses to environmental stimuli (Ideker et al., 2001b) . These profiling efforts are broadly classified as transcriptomics, proteomics, and metabolomics * To whom correspondence should be addressed. (Fiehn et al., 2000; Huhman and Sumner, 2002; Roessner et al., 2001; Sumner et al., 2002 Sumner et al., , 2003 Trethewey, 2001; Trethewey et al., 1999) . Although transcriptomics and proteomics are quite advanced, metabolomics is still in its infancy but may be key to the understanding of gene function (Hall et al., 2002; Trethewey, 2001) . Currently, most metabolomics approaches rely on hyphenated chromatographic separation techniques coupled to mass spectrometry such as gas chromatography (GC/MS), liquid chromatography (LC/MS) or capillary electrophoresis (CE/MS). Other approaches include nuclear magnetic resonance (NMR) or optical spectroscopic techniques such as infrared (IR) spectroscopy.
Although there has been significant progress in the acquisition of quantitative and qualitative metabolomic data, less effort has been devoted to methods of data extraction, visualization, and interpretation. Currently, the conversion of data output from commercial instruments into a form that can be used for further data interrogation and visualization is very time-consuming and is performed manually using commercial spreadsheets. In this report we introduce a new program; metabolomics spectral formatting, alignment and conversion tools, (MSFACTs). MSFACTs has been developed to provide an automated, rapid, and flexible means of reducing large complex chromatographic/spectrometric data sets generated in metabolomic studies into well-organized, two-dimensional matrices that can then be easily processed and visualized using commercial statistical software.
The functionality of MSFACTs is illustrated within the scope of metabolome analyses of various tissues of Medicago truncatula. The results illustrate the utility of this program and show that different tissues such as roots, stems and leaves of the same plant can be easily differentiated based on metabolite profiles. Further, similar tissue types within the same plant such as the first to eleventh internodes of the aerial tissue could also be differentiated based on metabolite profiles. To the best of our knowledge, this is the first time that metabolomic approaches have been used to differentiate tissues within the same plant and thus, illustrates the resolving power of metabolomics.
METHODS

Chemicals
HPLC grade water and chloroform was obtained from J.T. Baker (Phillipsburg, NJ). MSTFA was purchased from Pierce. Standard compounds used for custom GC/MS library construction were purchased from Sigma-Aldrich, Fluka, and Supelco (St. Louis, MO). All other chemicals were obtained from Sigma-Aldrich.
Plant growth and tissue collection
Medicago truncatula (cultivar Jemalong A17) seeds were planted in 6 in. pots containing Scott's Metro Mix 350 (Marysville, OH) potting soil. Uninoculated plants were grown in a controlled greenhouse environment for 82 days during the months of November to February and maintained at an average temperature of 28 • C, 40% relative humidity, and a day length of 16 h.
Root, stems and leaves from ten replicate plants were harvested, placed in teflon-sealed glass tubes, and immediately frozen under liquid nitrogen. The frozen tissue was lyophilized for 72 h and then placed in a −80 • C freezer until extracted and derivatized. Single lateral stems from each of three different replicate plants were harvested. Individual nodes from these stems were dissected starting at the apical end and proceeding downward resulting in 11 individual nodal samples per plant composed of leaves and stem tissue. Samples were frozen, lyophilized, and stored at −80 • C until extracted and derivatized.
Extraction
All dry tissue was ground to a fine powder in the collection vials with a glass rod. Approximately 6 mg of the dried, homogenized tissue was weighed into 1-dram vials containing teflon inlays. Metabolite extraction was performed by adding 1.5 ml chloroform, 1.5 ml bottled water and 3 µl internal standard (ribitol 50 mg/ml) followed by vortexing for 1 min. The sample was incubated at 50 • C for 2 h with shaking. The samples were then centrifuged in a swinging bucket rotor at 2900 × g for 30 min. Aliquots of 1 ml were collected from the polar layer and transferred to 2.0 ml autosampler vials (Agilent, Palo Alto, CA) with teflon/silicon septa. The extract was dried in a speed vac (Savant, Albertville, MN) 2.5 h and then stored at −20 • C until ready for analysis.
Preparation of polar extracts
Dried polar extracts were prepared by methoximation in 160 µl of 20 mg/ml methoxyamine hydrochloride in pyridine at 50 • C for 2 h followed by a brief sonication (<10 s) to dislodge any pellet. Methoximation derivatizes carbonyl functional groups, prevents cyclization, and stabilizes carbonyl moieties in the β-position of reducing sugars (Roessner et al., 2000; Schweer, 1982) . Remaining polar functional groups were further derivatized by adding 160 µl MSTFA [N-Methyl-N-(trimethylsilyl) trifluoroacetamide] +1% TMCS (Trimethylchlorosilane) followed by incubation at 50 • C for 30 min (Katona et al., 1999; Roessner et al., 2000) .
Instrumentation/tissue analysis
Derivatized metabolite mixtures were analyzed using a Hewlett Packard 6890 gas chromatograph, 5973 mass selective detector, and 6890 series injector. The integrated system was operated under Chemstation (Agilent, Palo Alto, CA). Polar samples were analyzed by injecting 1 µl with a split injection ratio of 25 : 1. All samples were injected in triplicate. Analyses were performed on a 60 m DB-5MS column (J&W Scientific, Palo Alto, CA). Injection temperature was maintained at 250 • C and the interface temperature was 280 • C. Separations were achieved using a temperature program: 5 min isothermal heating at 50 • C, followed by a 5 • C/min oven ramp to 315 • C, and holding at the final 315 • C for 10 min. Mass spectra were recorded at 2.48 scans per second with a mass scanning range of 50-650 m/z. Each analysis required approximately 1.4 h including machine equilibration time.
DATA ANALYSIS
Following chromatographic separation and data acquisition, raw data files were integrated using HP Chemstation or converted to ASCII text. Conversion of Chemstation files to an ASCII file format can be performed using a macro (provided with program) or commercial software such as MASSTransit data converter (Palisade Corp., Newfield, NY). Peak list data were aligned, reformatted, and exported using the RTAlign algorithm of MSFACTs. ASCII files were extracted, aligned, reformatted, and exported using the RICExtract algorithm of MSFACTs. Reformatted and exported files from MSFACTs were then further processed and visualized using the principal component analysis (PCA) software Pirouette v3.02 (Infometrix, Woodinville, WA).
Description and algorithms
MSFACTs is a standard Java/Swing application that imports, aligns, and reformats spectral and chromatographic data using two applications; RTAlign and RICExtract. MSFACTs accepts and converts integrated peak lists, composed of chromatographic retention times and peak areas, using the tool entitled RTAlign. Alternatively, raw spectral or chromatographic data exported as ASCII formatted text can be processed via the RICExtract tool.
The automated alignment function of MSFACTs significantly enhances the speed at which data can be processed and visualized. Output from the program is a two-dimensional matrix consisting of tab-delimited ASCII text that can then be easily processed by additional commercial software programs such as Excel (Microsoft, Redmond, WA) or multivariate packages such as SAS (SAS Institute, Cary, NC), Pirouette (Infometrix, Woodinville, WA) or MATLAB (Mathworks, Inc., Natick, MA). SAS, Pirouette and MATLAB provide data processing and visualization features such as hierarchical cluster analysis (HCA), two-dimensional, and three-dimensional (2D/3D) PCA. These statistical processing and visualization tools allow for the determination of similarities and differences between metabolomic data sets and for the identification of individual components that are responsible for the differences observed in the PCA. More complex processing such as self-organizing maps (SOMs) or neural networks (NN) should also be possible but not demonstrated here.
RTAlign The RTAlign tool accepts integrated peak lists generated by spectrometric software such as ChemStation (Agilent, Palo Alto, CA). Peak lists are composed of a sequential listing of centroided peak retention times and corresponding areas. The program then aligns multiple integrated peak lists from multiple chromatographic analyses based upon a retention time interval defined by users. Input can be individual files (one integrated chromatogram per file) or batch files (multiple integrated chromatogram files) and formatting is flexible to meet the requirements of multiple instruments. The graphical interface of the RTAlign tool as well as representative input and output data formats are illustrated in Figure 1 .
The input data for the RTAlign interface is a series of files, with each individual file containing a list of peaks. For each peak, a retention time and a peak area are captured. A presumption of RTAlign is that, for any two files, there is a one-to-one correspondence among many of the peaks they contain. However, due to small and common shifts in the retention times, the peaks resulting from the same substance in different analyses may give rise to significant variation in their reported retention times. Identifying these peaks thus, represents a traditional classification problem. To classify two peaks as belonging to the same substance, a small retention time window is used. Two peaks belonging to different runs are believed to be of the same substance if the difference between their retention times is within this window. A summary of the classification algorithm in MSFACTs is provided below.
Classification
To classify the peaks, RTAlign uses the following steps:
1. A parser class collects all of the peak data and generates an unordered list of peaks (A u ) that maintain their original run identifier.
2. During the process, the minimum and maximum retention times are recorded and define a range. 3. The unordered list of peaks is sorted based on retention time in ascending order (A s ). The actual sorting utilizes the algorithm provided by the Java libraries, which is a QuickSort implementation.
4. The ordered list is passed through a controller that groups the peaks into clusters. Here a cluster is defined as a collection of peaks whose retention times are very close to each other, as judged by a predefined retention time interval or window. Within a cluster, the difference between the minimum retention time (L t ) and the maximum retention time (H t ) is smaller or equal to the window size (w). When a subsequent peak whose retention time is more than the window size plus the current maximum retention of the current cluster, the current cluster ends and a new cluster begins.
The following pseudocode summarizes the clustering process.
Collision resolution
Although the program allows changing the size of the retention time window used for classification, it is obviously impossible that a single size window would be large enough to account for the variation due to retention time shifts and yet small enough to achieve total separation of consecutive peaks within a single run at the same time. A collision occurs when more than one peak (P t ) from the same run (R x ) are determined to be in the same cluster.
Collisions are unavoidable in larger data sets due to limitations of the classification process. If collisions are ignored, MSFACTs simply exports the lowest value in the colliding cell; however this results in lower performance data alignment. To improve the resolution of downstream processing, it is highly desirable to resolve collisions. RTAlign provides automated facilities to help resolve collisions and improve subsequent data processing. These collision resolution facilities and approaches are discussed below.
First, the processes of parsing and classification are fast enough to allow experimenting with different window sizes before a final interval is selected. Window size can also be approximated through statistical analysis of representative data. For example, 267 consecutive GC/MS analyses acquired over 17 days in a separate experiment contained approximately 32 270 data points that yielded an average standard deviation (σ ) in retention time of 0.0146 min for all peaks. Applying a confidence level of 99.7%, we can statistically assume that 99.7% of measurements would be within ±3.0σ or 0.0877 min and set our window accordingly to 0.0877 min. Similarly 95% confidence levels would be set at ±1.96σ and 99.9% would be set at ±3.29σ based on user preference. The user should be aware that as the window size increases so does the frequency of collisions. Collision frequencies for the above mentioned data set were 0.14% at the 95% confidence level window setting and 0.75% at the 99.7% confidence level window setting. Most collisions that remain after this step are generally comprised of two closely adjacent peaks. Second, since most of the subsequent data analyses that follow make use of spreadsheet-like utilities, RTAlign tries to minimize the occurrence of multiple peaks in the same cell. This is achieved by one of the following two ways:
Forced-fit: for each collision cell, the program first checks its left neighbor and determines if it is occupied. If not, it will move the colliding peak with the smallest retention time to the left cell. If the left neighbor already contains a peak, or the current collision cell still has more than one peak, the program will then move the peak with the largest retention time to the right if it is unoccupied. If both neighbors are already occupied, no forced-fit will occur.
Cluster-split: an alternative way of reducing the number of collision cells is to split collision clusters. The original cluster is split into two at the middle of the original cluster retention time range. All peaks within the original clusters are then re-classified based on the new cluster boundaries. The cluster-split is our preferred method of collision resolution in metabolomic projects as we believe it provides the best representation of the data in highly complex mixture analyses such as those encountered during metabolome analyses.
Lastly, the program allows for the marking of collision cells. These cells can then be resolved through subsequent manual editing in spreadsheet programs. This is the most accurate method of collision resolution, but also the most labor and time intensive. The embedding of such marks makes it easy for automatic processing using macros or other tools.
MSFACTs includes user-selectable options to allow customization of data processing and output. These include optional horizontal or vertical organization of output data and automated splitting of large lists to fit within the cell limitations of some commercial spreadsheets. MSFACTs also provides for threshold filtering or setting of a minimal number of filled cells required for clustering, i.e. the 'Cluster cutoff' option of RTAlign. Caution is advised in using the cluster cutoff filter as some cells may be unfilled due to real biological differences, poor chromatographic resolution, or poor alignment. An optional mark-up feature allows special tagging of data irregularities, which can be readily exploited by macro routines to further assist in manual validation.
The processing of integrated and identified peak lists is advantageous because further processing such as PCA directly links specific chemically identified peaks giving rise to cluster differentiation, i.e. loading plots for PCA. Although processing integrated peak lists is advantageous, it can be time consuming and is dependent upon chromatographic integration parameters and processing. To allow more rapid but less informative screening, an additional tool, RICExtract, was developed to allow independent processing of non-integrated or metabolic fingerprint data (Fiehn et al., 2000; Sumner et al., 2003) .
RICExtract RICExtract allows for alignment of raw chromatographic or spectral data. The output can be used for processing and visualization as described above, and this process is commonly referred to as 'binning'. This approach does not require peak detection and therefore, is faster and provides full representation of the data. The graphical interface of the RICExtract tool as well as representative input and output data formats are illustrated in Figure 2 .
The RICExtract tool was created to extract total or reconstructed ion chromatographic (RIC) information from GC/MS or LC/MS files that have been exported as ASCII text files. Most commercial instruments are capable of this file conversion and a macro for Chemstation is provided with the program. Additional commercial software packages such as MASSTransit (Pallisade, Newfield, NY) are available for conversion of most commercial MS file formats. Each data point contains a retention time and a scan intensity count. All RIC counts from different runs are then realigned as a series of retention times, which were from the first file processed. The extraction of data involves straightforward parsing and extracting, and the alignment is purely based on retention time. Unlike RTAlign, there is no classification or clustering steps in this part. Output from RICExtract is a single file of tab-delimited, columnar data. The first column contains the retention time of the first file and all other columns contain corresponding scan intensity counts from subsequent chromatographic files (see Fig. 2 ). The overall size of chromatographic files is reduced by eliminating mass spectral data.
The primary benefit of the RICExtract tool is that it requires less user intervention than RTAlign, is much faster, and allows one to rapidly and efficiently screen samples to look for discriminating chromatographic regions. However, it only directs the user back to a specific region of the original chromatogram/spectra. The user must then determine the chemical component responsible for the differences whereas RTAlign provides a compound identifier that is either a chemical name or less specific peak number. RIC extraction is also advantageous when using Pirouette software because baseline drift can be corrected using the correction algorithm incorporated into this commercial software. RICExtract also avoids the inconsistencies associated with data integration and peak detection algorithms required to use RTAlign. Unfortunately, RICExtract generally yields lower resolution clustering than RTAlign due to the uncompensated slight shifts in retention times. Future versions of this program will include retention time shift corrections; however, this can currently be performed using a program based on correlation optimization warping (COW) (Nielsen et al., 1998) freely available at (http://www.biocentrum.dtu.dk/mycology/analysis/ cow/#cowtool).
RESULTS
GC/MS metabolite profiles of M.truncatula tissues were obtained for dissimilar tissues including roots, stems, and leaves. Representative GC/MS traces are provided in Figure 3 . GC/MS metabolite profiles were also collected for highly similar M.truncatula tissues including sequential nodal segments from individual stem/aerial tissues. MSFACTs was used to process GC/MS data for the comparison of the various M.truncatula tissues. Root, stem, and leaf tissue data consisted of 30 chromatographic analyses (3 tissues × 10 replicate plants) that were processed using both RTAlign and RICExtract. Portions of the input and output formats are provided in Figures 1 and 2 . PCA was performed on the output data provided by MSFACTs and is reported in Figure 4 . Both RTAlign and RICExtract methods of processing provide very similar PCA plots. PCA results indicate that the metabolite compositions of stems and leaves are more similar to each other than to roots as expected since the aerial tissues are photosynthetic 'sources', while the roots are non-photosynthetic 'sinks'. The highly dissimilar tissues could be easily differentiated using only the first two principal components (PC) that represent 92% of the variability (using RTAlign). The third PC (data not shown) at 1.48% is much lower than the first two and provides a valuable, visible measure of the instrumentation and processing analytical variability. The total time required for the processing of the 30 chromatographic analyses using both tools was less than 30 min, compared with the 6-8 h required for the traditional manual editing and spreadsheet processing of all chromatograms.
Analyses and comparison of nodal sections from individual aerial tissues from three separate M.truncatula plants were Fig. 4 . Two-dimensional principal component analysis (2D-PCA) of M.truncatula roots, stems, and leaves. The data were generated using (A) RTAlign and (B) RICExtract to format data that was then visualized with PCA (Pirouette). The 2D-PCA are of log-transformed data (Tabachnick and Fidell, 2001 ) and show strong differentiation of the tissues. Tabularized values are also provided for the various principal components associated with each analysis. Note that scale of differentiation of the PCA clusters using the (B) RTAlign is significantly greater than the (B) RICExtract suggesting that processing aligned peak list data provides greater differentiation.
also performed. The spatially dissected nodal tissue represents tissue that progressively varies in age. The resultant 3D-PCA plot of these data is provided in Figure 5 . The numbered nodal sections (similar relative node location) progressively group in PCA space in accordance with nodal age. The distance between groups (A, B and C) represents the level of biological (plant-to-plant) variation. Further, the distance between replicates is an indicator of instrumentation and processing analytical variability. The data clearly show the progressive differentiation of sequential nodal tissue and illustrate the high resolving power of metabolomics to spatially resolve highly similar tissues within a single plant. The data also suggest that the current resolving power is on the same order of magnitude as biological variance, and therefore is approaching the limitations imposed by biological variation.
DISCUSSION
MSFACTs allows the alignment of large numbers of chromatograms according to a variable (time in GC/MS, but could also be nm, ppm or Hz from other spectroscopic data). Alignment is the columnization of corresponding data contained Fig. 5. Three-dimensional PCA of the first to eleventh internodes of M.truncatula aerial tissues of triplicate plants composed of stems and leaves from triplicate plants using RTAlign. The nodal segments represent tissues of incremental age. The 3D-PCA shows not only progressive segregation of the nodal segments in accordance with age but also that this segregation is on the same order as biological variance. The nomenclature used is individual plant identifier (A, B or C), followed by the internode number, and then the analytical replicate number such that B4-2 represents the second analytical replicate of the fourth internode of plant B.
within separate data files that have inherent variability over time. This process generates a correlated, two-dimensional matrix that can be further compared using statistical packages, unsupervised methods such as HCA and PCA, or supervised methods such as SOMs/NNs. For metabolomic data sets, retention times may originate from integrated peak lists or raw (X, Y ) chromatographic data. The data are placed into 'bins' based on a user specified time window. Once the data are aligned, the data are exported in a format readily useable by many different statistical packages. Differences and similarities between the large data sets (>1000s of GC/MS data files) can then be determined through statistical processing using EXCEL, SAS, Pirouette, or MATLAB. MSFACTs is composed of two different processing tools; RTAlign and RICExtract. If speed is desired, raw chromatograms can be processed without peak detection using RICExtract through the 'binning' of the ion chromatogram and alignment of this data. If maximum biochemical information is desired, peak integration and identification can be performed using commercial programs before alignment and reformatting with RTAlign. Prior to development of this tool, all chromatograms had to be aligned by hand using spreadsheet-based programs and required extensive time. Although MSFACTs is a simple tool, it has very high value because it dramatically reduces the amount of processing time by two orders of magnitude and makes it possible to process large data sets (e.g. 2000 GC/MS analyses and peak lists containing 500 000 individual measurements of metabolite concentration; separate experiment and data not shown).
To the best of our knowledge there are no other tools that have the same functionality as MSFACTs; however, we feel it important to differentiate our program from other commonly used programs. Automated Mass Spectral Deconvolution and Identification Software (AMDIS) is a powerful algorithm for the deconvolution and subsequent identification of eluting peaks based on resultant mass spectra (Dromey et al., 1976; Hargrove et al., 1981; Pool et al., 1997; Stein, 1999) . Unfortunately, AMDIS does not perform comparisons of data files for similarities or differences once peak detection and identification have been performed, e.g. how does the GC/MS analysis of a mutant plant chemically differ from that of a wild-type plant. The component detection algorithm (CODA) marketed by Advanced Chemistry Development is a program focused on noise reduction in individual LC/MS files, but again does not perform any comparative function between data files. Further, CODA and AMDIS are processing techniques that can be performed pre/post data alignment to enhance the value of metabolic data sets.
The alignment or 'binning' of related data for processing is performed by MSFACTs followed by statistical comparisons of data files using EXCEL, SAS, MATLAB or Pirouette. We know of two software programs that have similar but only partial functionality to MSFACTs. One is a proprietary package available from Bruker entitled AMIX (analysis of mixtures; http://www.bruker-biospin.de/NMR/nmrsoftw/ prodinfo/nmr_suit/amix/index.html) that will similarly bin NMR data for statistical analysis. Unfortunately, this is a commercial program that is both platform and NMR specific. MSFACTs is more versatile and will be made available at no cost to non-commercial entities. Commercial use is available through a licensing agreement (http:// www.noble.org/PlantBio/MS/MSFACTs/MSFACTs.html). It may be possible to achieve the same functionality using macros written for common platforms such as HP Chemstation; however, by doing so, one is then committed to a specific data platform. In comparison, MSFACTs will accept data from multiple platforms including our primary tool, mass spectrometry (MS), but also UV, IR and NMR (i.e. any data source capable of exporting ASCII data), making it a much more versatile tool.
We stress that the simple algorithms are not the primary focus of this report but the enhancement in data processing speed that is paramount to the progress of metabolomics. The enhancement in data processing helps advance the infant field of metabolomics by enabling throughput that is more consistent with 'omic' approaches. The desperate need for post acquisition data processing was emphasized as a major concern of the 1st International Congress on Plant Metabolomics held in April of 2002 in The Netherlands (Hall et al., 2002) and other recent publications (Mendes, 2002; Sumner et al., 2003) .
Conclusions
MSFACTs is a fast and efficient system for extraction, alignment, and organization of data from a wide variety of analyses. The output of this program is amenable to rapid visualization and comparison of metabolomic data. The software has an open architecture that will allow incorporation of future tools and algorithms for continued enhancement of the program's utility. Additional information on the functionality and operation of MSFACTs is provided in the program's internal help file.
